Here we introduce the fully quantified spectral imaging (FSI) method as a new tool to probe the stoichiometry and stability of protein complexes in biological membranes. The FSI method yields two dimensional membrane concentrations and FRET efficiencies in native plasma membranes. It can be used to characterize the association of membrane proteins: to differentiate between monomers, dimers, or oligomers, to produce binding (association) curves, and to measure the free energies of association in the membrane. We use the FSI method to study the lateral interactions of Vascular Endothelial Growth Factor Receptor 2 (VEGFR2), a member of the receptor tyrosine kinase (RTK) superfamily, in plasma membranes, in vivo. The knowledge gained through the use of the new method challenges the current understanding of VEGFR2 signaling.
Introduction
The function of membrane proteins is often regulated through protein-protein interactions in cellular membranes. 1 While methods to study interactions between soluble proteins are well established, methodologies to quantify membrane protein interactions have been slow to emerge. 2, 3 Great challenges remain, particularly for complex membrane proteins, which cannot be overexpressed in large quantities, and cannot be purified and properly reconstituted in model systems. [4] [5] [6] Here we introduce a method, fully quantified spectral imaging (FSI), which yields both two-dimensional membrane concentrations and FRET efficiencies, and ultimately reports on the stoichiometry and stability of protein complexes in live cells. We use the method to gain new knowledge about the lateral interactions of Vascular Endothelial Growth Factor Receptor 2 (VEGFR2), a member of the receptor tyrosine kinase (RTK) superfamily, in plasma membranes of live cells. RTKs epitomize functional regulation through lateral interaction in the plasma membrane. 7, 8 RTK dimerization is necessary for RTK function, as contacts between the intracellular kinase domains lead to kinase cross-phosphorylation and initiation of downstream signaling cascades that control cell growth, differentiation and motility during development and in the adult, and in many pathologies such as cancers and growth disorders. 7 While RTK dimerization has been long assumed to occur in response to ligand binding, 9 recent work has suggested that RTKs have a propensity to interact even in the absence of bound ligand, thus challenging the canonical view of RTK ligand-induced dimerization and activation. [10] [11] [12] Yet, the mode of activation of many RTKs has thus far remained controversial, and is still a topic of intense investigations and debate. VEGFR2 is a critically important member of the RTK superfamily, as it is the main regulator of angiogenesis, i.e. the development of new blood vessels from pre-existing ones.
tightly linked to cancer, as the growth of all solid tumors require the recruitment of new blood vessels to supply nutrients. 14, 17 Like most RTKs, VEGFR2 consists of an extracellular (EC) domain, a single transmembrane (TM) domain, and an intracellular catalytic domain. The VEGFR2 EC domain is one of the largest in the RTK superfamily, composed of 7 Ig-like subdomains referred to as D1 (at the N-terminus) to D7 (proximal to the membrane).
VEGFR2 is assumed to be monomeric in the absence of ligand. This view has been supported by electron micrographs of the isolated VEGFR2 EC domains, showing only monomers and no dimers in solution, in the absence of ligand. 18 Yet, the crystal structure of isolated D7 subdomain dimers reveals robust D7-D7 interactions in the crystal. 19 This contradiction has been rationalized by postulating that D7-D7 interactions occur only in the presence of ligand, but not between unliganded receptors. 20 However, the interactions between VEGFR2 EC domains in the absence of ligand have not been measured in the context of the two-dimensional plasma membrane. Recent work has suggested that VEGFR2 TM domains have a propensity to dimerize in model systems. 21, 22 Thus, both the reduced dimensionality of the membrane, 23 and the dimerization propensity of the TM domain, may provide the driving force for the EC domains to dimerize when anchored to the TM domains in the plasma membranes. We therefore investigated the ability of a VEGFR2 construct composed of the EC and TM domains to form dimers in the plasma membrane in the absence of ligand. We also investigated the specificity of the interactions between the EC domain by mutating a critical amino acid in D7, known to stabilize D7-D7 contacts in the D7 crystals. The FSI method, developed here and used to study VEGFR2 interactions, utilizes two excitation wavelengths, pixel-level full spectrum acquisition, and pixel-level fluorescence calibration curves. It yields approximation-free measurement of the apparent FRET efficiency, as well as the donor-and acceptor-labeled receptor surface densities in the plasma membrane. Ultimately, the method allows us to acquire a complete binding (association) curve, and yields quantitative information about in vivo VEGFR2 interactions in the plasma membrane. The knowledge gained here through the use of the FSI methodology is new and challenges the current understanding of VEGFR2 signaling. Since VEGFR2 controls the development of blood vessels in a variety of solid tumors, the new knowledge can help guide the development of new VEGFR2 inhibitors as anti-cancer therapies.
Fully quantified spectral imaging (FSI) and analysis of membrane protein interactions
Theory
Here we derive the equations of the fully quantified spectral imaging (FSI) method. In the FSI method, two scans are performed: a ''FRET scan'' at l 1 , in which the donor is primarily excited and an ''Acceptor scan'' at l 2 in which the acceptor is maximally excited. By using these two scans and calibration curves of fluorescence versus known concentration of donor and acceptor ''solution standards,'' one can solve for the full donor fluorescence and the acceptor fluorescence in the absence of FRET, as discussed below.
The fluorescence of the donor in the presence of the acceptor, F DA ln , and the fluorescence of the acceptor in the presence of the donor, F AD ln , at both excitation wavelengths, l 1 and l 2 , can be written as a sum of two terms: 
Similarly, once transferred to the acceptor molecule, a fraction of those excitation events, Q A , will be detected as photons emitted from the acceptor: 
The ''apparent FRET efficiency'' of energy transfer, E app , is a measure of the interaction between the donor and the acceptor. It can be written in terms of ''donor quenching'' or the loss of fluorescence by the donor due to resonant energy transfer to an acceptor:
By solving for F D RET,l1 in eqn (1.1) and substituting into eqn (1.2), we arrive at the commonly seen equation for the donor-quenched FRET efficiency:
Thus, we see that we need an expression for the fluorescence of the donor in the absence of FRET, F D k1 , the unquenched donor fluorescence in the absence of FRET. Rearranging eqn (1.1) for F D l1 gives eqn (1.7):
Using eqn (1.4), we, express F D RET,l1 in terms of the ratio of quantum yields of the donor and acceptor, and F A RET,l1 , as shown below in eqn (1.8):
By solving eqn (1.1) for F A RET,l1 , and inserting into eqn (1.8), we, arrive at the following relation:
The first term, F DA l1 , is determined as shown below in section cotransfected samples and unmixing.
In the literature, the assumption is often made that F 
(1.10)
where i A,l1 and i A,l2 are concentration calibration constants, namely the slopes of the acceptor fluorescence versus concentration calibration curves. F A l2 is determined using information acquired in an ''Acceptor scan'' of the sample as described next. Thus, F D l1 can be calculated exactly using eqn (1.10).
Calculation of F A k2 , the fluorescence of the acceptor in the absence of FRET. By rearranging eqn (1.1) to solve for F A l2 and utilizing the fundamental relationship (1.4), we arrive at eqn (1.11) below:
We write F D RET,l2 in terms of the ratios of the donor standard slopes at l 1 and l 2 (see eqn (1.23) in section Fluorescent protein solution standards below), and we obtain eqn (1.12):
(1.12)
By using the fundamental relationship (1.4), we solve for
in terms of F A RET,l1 and the ratio of the donor and acceptor quantum yields. Insertion into eqn (1.12) above allows for the quantum yields to cancel, giving eqn (1.13) below:
(1.13)
Solving for F A RET,l1 in eqn (1.1) and inserting into eqn (1.13) brings us to eqn (1.14):
Finally, we convert from F A l1 to F A l2 using the ratios of the calibration slopes as derived in section Fluorescent protein solution standards, arriving at eqn (1.15):
( 
The relevant equations are collected below:
Fluorescent protein solution standards. The FSI method relies on calibration curves obtained by imaging solution standards of the donor and acceptor fluorophores of known concentration. Given that the total fluorescence from a volume of solution containing excited fluorescent molecules is proportional to the number of fluorescent molecules present in the solution, we can write:
Here, F FP,B , stands for the total integrated fluorescence emission of the fluorophore (in our case, a fluorescent protein) in a bulk solution. k FP is a proportionality constant that accounts for the dependence of fluorescence on quantum yield, excitation rate and wavelength, and other physical parameters. Eqn (1.17) yields an explicit dependence of the fluorescence from a bulk solution of fluorophores on the concentration of the fluorescent protein and the excitation volume. The same relationship (1.17) can be written when the fluorophore is attached to a protein of interest, by fusing the gene encoding the fluorescent protein to the gene of interest, with B replaced by S, representing the sample of interest.
Equating the proportionality constant, k FP , of eqn (1.17) and (1.18), we obtain eqn (1.19):
Rearranging eqn (1.19) and solving for the concentration of the fluorescent protein in the sample, we obtain:
Thus, the concentration of the fluorophore in the sample can be calculated from the known concentration and fluorescence intensity of the fluorophore in the bulk solution, and the experimentally determined fluorescence intensity of the fluorescent protein in the sample.
By rearranging eqn (1.20) and adding the subscripts 1 and 2 to represent two different known concentrations of the fluorescent protein solution standards, we arrive at:
By subtracting and rearranging these equations, we obtain eqn (1.21):
In the limit of D-0, the ratio of the change in bulk fluorescence to the change in bulk solution standard concentration is replaced by i, the slope of a line fit to a solution standard fluorescence intensity versus concentration calibration curve:
Eqn (1.22) allows the calculation of the concentration of the fluorophore in the sample from its fluorescence intensity upon excitation at a specific wavelength. Imaging the same sample at the two different excitation wavelengths, l 1 and l 2 , and equating the concentrations in eqn (1.22), yields the following relations:
These relations allow the conversion of donor or acceptor fluorescence at one wavelength to the fluorescence at the other excitation wavelength through the ratios of the slopes of the fluorescence calibration curves. As stated above, the two excitation wavelengths are chosen based on the fluorescence and emission properties of the fluorescent proteins utilized: l 1 is chosen to primarily excite the donor; and l 2 is chosen to maximally excite the acceptor. Several concentrations of soluble fluorescent proteins are imaged at both excitation wavelengths, and a line is fit to the integrated intensity versus concentration data for every pixel of the sample image (see Fig. 1A ). The four slopes, i D,l1 , i D,l2 , i A,l1 , and i D,l2 , are calculated for every pixel, for both the donor and acceptor fluorescent protein solution standards, at the two excitation wavelengths, l 1 and l 2 .
Donor-and acceptor-only expressing samples. Donor-only and acceptor-only samples are imaged in order to acquire the donor and acceptor emission spectra as a function of emission wavelength. A large region of a singly-transfected cell membrane is selected and the emission spectra for every pixel are averaged and smoothed over all emission wavelengths. 26 The donor and acceptor spectra are then normalized to their maximum value, so that the values range between 0 and 1, providing F D (l) and F A (l), which are used for spectral decomposition (unmixing) of pixels in the cotransfected samples, as discussed below. The integrals of these normalized spectra over the emission wavelengths are denoted as w D and w We observe that the fluorescence properties of the fluorescent proteins are the same in the cytosol and in PBS buffer. We measure the emission spectra for singly transfected cells in each experiment. The shape of the spectra and the peak emission positions are the same as in spectra measured in buffer with a fluorometer. 27 Cotransfected samples and unmixing. The analysis of the emission spectra from the pixels of a co-transfected cell expressing both the donor and the acceptor fluorophores, excited in a ''FRET scan'' at l 1 , and in an ''Acceptor Scan'' at l 2 , provides the information needed to calculate the concentrations of donor and acceptor fluorophores and the apparent FRET efficiency, E app . 28 The fluorescence emission spectrum from a pixel of the cotransfected cell at both excitation wavelengths is assumed to be a linear sum of three contributions: the fluorescence of the donor in the presence of the acceptor, F DA (l), the fluorescence of the acceptor in the presence of the donor, F AD (l), and a background contribution. This is represented below in eqn (1.24):
We modeled the pixel-level background contribution as a line, as shown below in eqn (1.25).
Linear least squares optimization yields the ''best fit'' coefficients i.e., k
, and background (a and b in eqn (1.25)) that minimizes the chi-squared value for the fit. 29 The pixel-level integrated intensities of the donor in the presence of the acceptor and of the acceptor in the presence of the donor are then readily calculated, as shown below in eqn (1.26a) and (1.26b):
Verification. To validate the capabilities of the FSI method to accurately yield pixel-level concentrations and FRET efficiencies, we performed experiments with mixtures of purified mTurqoise and YFP soluble fluorescent proteins. We imaged six different samples, and we acquired four FRET and acceptor images for each sample. In three of these samples, the concentration was held constant (B10 mM) while the donor (mTurqoise) to acceptor (YFP) ratio was varied. The other three samples contained a fixed donor to acceptor ratio (1 : 3) while the total FP concentration was varied from 2 to 14 mM. Concentrations of mTurquoise and YFP in the samples were first measured via UV-Vis spectroscopy using NanoDrop. Next, the solutions were imaged in a FRET scan with excitation at 840 nm and an acceptor scan with excitation at 960 nm in the two-photon microscope. Spectral unmixing and the FSI equations were then used to obtain the FRET efficiencies (Fig. 1B ) and the concentrations of mTurqoise and YFP in the sample mixtures ( Fig. 1C and D) .
The concentrations of the fluorescent proteins determined with the FSI method are in complete agreement with the fluorescent protein concentrations measurements obtained via UV-Vis absorption measurements. Furthermore, we measure zero concentration dependence on the FRET efficiency, indicating a lack of interactions between the fluorescent proteins. This is expected for three-dimensional solutions of monomeric fluorescent proteins. Changing the excitation wavelength to 800 nm, and thus the amount of intrinsic acceptor excitation during the FRET scan (Fig. 3B) , had no effect on the measured concentrations and FRET efficiencies (see ESI, † Fig. S2 ). Thus, we see that the FSI equations are able to extract the proper fluorophore concentrations over a wide range of total concentrations and donor to acceptor ratios.
Implementation
Image acquisition. Spectral images with two-photon excitation are acquired with a Mai Tai laser (Spectra Physics) and the OptiMis True Line Spectral Imaging system (Aurora Spectral Technologies) utilizing a Zeiss Observer wide field microscope with a 63Â NA 1.2 water immersion objective as described in detail in ref. 30 . Two images of each cell are acquired: a ''FRET scan'' with primary donor excitation at 840 nm and an ''Acceptor Scan'' with primary acceptor excitation at 960 nm. A 35 ms line scan time of fullfield (300 Â 440 pixels) images is utilized for the spectral image acquisition. Each spectral image requires approximately 15 seconds to acquire at full spectral resolution, with approximately 30 seconds required between scans for two photon laser emission wavelength tuning.
The FSI equations described in the Theory section are implemented in a MATLAB graphical user interface designed with MATLAB's GUI development tool, GUIDE. Linear least squares, or unmixing, is utilized to determine the best-fit k DA l1,l2 and k 
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values for the donor and acceptor components of the measured spectrum in every pixel (see Fig. 3 ). Noise analysis and image registration are described in ESI. † Membrane region selection. Cell images are inspected for membrane regions of uniform diffraction limited fluorescence. The fluorescence of the labeled proteins in the stretched membrane appears as a diffraction limited line that is approximately 600 nm wide (see Fig. 2, bottom) . One or two regions of homogenous fluorescence, B3 microns in length, are selected from each cell. Under 63Â magnification of the microscope objective, the 16 mm pixels of the CCD are square, with a 254 nm side length, as shown in ESI, † Fig. S4 . The proper pixels are automatically selected in each region by selecting several points along the path length of the fluorescence. Connecting lines are drawn between these points, and the unit normal vectors to the vectors pointing from point i to point i + 1 are defined. A region half-width of 1.7 pixels is then used to draw a polygon that outlines the fluorescence of the selected region (see ESI, † Fig. S5 ). With this, a region 3.4 pixels in width is outlined. The masking operation used to select pixels chooses the pixels such that their centers fall within the polygon of the region selected. Thus, the regions selected are 3 to 4 pixels wide, depending on the location and orientation of the line of fluorescence with respect to the CCD array.
Calculation of region-level E app and receptor surface densities. The apparent pixel-level fluorophore (receptor) concentrations calculated during the image analysis must be integrated across the diffraction limited segment in order to properly determine the 2D surface density from the fluorescence and the calibration curves. To do so, F The need for reversible osmotic stress. Correct two-dimensional concentrations in the membrane, and thus association curves and association free energies, cannot be determined if the cells are not subjected to reversible osmotic stress. This is consequence of the complex topology of the membrane within a voxel that is nearly a micron thick. 31, 32 Fig. 2A , top, shows a membrane patch from an intact cell, with diffraction limited features clearly visible, whereas Fig. 2A , bottom, shows a membrane patch from a swollen cell. The membrane of the intact cell has a complex topology which is unknown, while the membrane of the swollen cell is perpendicular to the focal plane. The apparent pixel-level concentrations, and the apparent FRET efficiencies, calculated with the FSI method under the assumption that the membrane is perpendicular to the focal plane, are shown in Fig. 2B and C. For the intact cell, we see wide variations in fluorophore concentrations, but no such variations in FRET efficiencies. According to the kinetic theory of FRET, in a dimerizing system, the total fraction of dimers is dependent upon the total concentration of receptors, and thus a higher concentration must necessarily yield higher pixel-level FRET efficiency. The lack of correlation therefore demonstrates that the results for the intact cell have no physical meaning.
To understand the consequence of working with intact cells, about 250 intact cells expressing EC + TM VEGFR2 were imaged and 513 regions of membrane were analyzed. The resultant FRET efficiency versus concentration data is shown in ESI, † Fig. S6 , along with the complementary results for swollen cells. In addition to greatly increased scatter and the presence of negative FRET efficiencies, we see that the apparent concentrations appear much higher in intact cells despite the fact that the same protein is being expressed, a consequence of the membrane folds and wrinkles within the voxel thickness. Notably, the range of FRET efficiencies that are physically realistic are similar in the case of intact and swollen cells, suggesting that the interactions between membrane receptors are very similar in both systems. Thus, swelling does not appear to have an effect on membrane protein-protein interactions, but enables measurements of two-dimensional membrane protein concentrations. On the other hand, the use of intact cells yields erroneous concentrations and thus precludes the calculations of association constants for membrane proteins.
Interpretation: thermodynamic analysis of apparent FRET efficiencies and concentration measurements
Receptor dimerization and oligomerization. The FRET efficiencies of oligomers of donor-labeled and acceptor-labeled proteins are calculated using the ''kinetic theory of FRET'', as derived by Raicu:
In eqn (3.1), n represents the oligomer order. m oligo is the concentration of oligomers. P D and P A are the fractions of donors and acceptors in the oligomer. For large numbers of molecules, these are equal to the fraction of donor and acceptors, respectively:
with [D] and [A] represent-
ing the donor and acceptor concentrations, and x D + x A = 1. Eqn (3.1) gives the theoretical apparent donor-quenched energy transfer efficiency for mixtures of monomers and oligomers, assuming an equal donor to acceptor distance for all D-A pairs in the oligomer. For the case of n = 2, a dimer, this is always correct as there is only one donor and one acceptor in the dimer pair. For trimers and above, this is an approximation which minimizes the number of adjustable parameters in the theoretical model for FRET. This approximation is reasonable in our experiments, because the FPs are connected to the TM domains through long flexible GGS 5 linkers.
We fit eqn (3.1) for n = 1 to 6, corresponding to the cases of monomer-only, monomer-dimer, monomer-trimer, monomertetramer, monomer-pentamer, and monomer-hexamer thermodynamic equilibria, to the experimental data as described below. We calculate the overall mean squared error (MSE) for all oligomer models. The model that yields the lowest mean squared error is the model that best represents the experimental FRET data.
The kinetic model for FRET, however, does not take into account stochastic FRET, or FRET that occurs due to random approach of donors and acceptors in the membrane within distances of B100 Å or so. 35 Stochastic FRET can represent a significant contribution to the measured FRET efficiency in the case of a monomer-dimer equilibrium, but it decreases significantly as a function of oligomer size. As such, here we correct for stochastic FRET in the dimer case (see ref. 36 for details), but we do not apply a proximity FRET correction for higher order oligomers. Next we derive the case for a monomer-dimer equilibrium by letting n = 2 in eqn (3.
1) above and multiplying by [T]/[T]:
The fraction of dimers, f d , can be written as a function of an equilibrium association constant, K A , and total receptor concentration,
[T], i.e. f d (K A , [T])
. To do so, we begin by writing down the equation for the fraction of dimers:
Here, [m] is the concentration of monomeric receptors and [d]
is the concentration of dimeric receptors. For the two-state monomer-dimer equilibrium, we define the equilibrium association constant, K A :
First, we solve for the fraction of monomers: 
By using the relationship f d + f m = 1, we solve for the fraction of dimers, f D , as a function of K A and [T]:
FRET for a mixed population of monomers and dimers can be calculated from the dimeric fraction f d (K A , [T]) according to eqn (3.10):
To this FRET prediction, we add a contribution for stochastic FRET 36 and complete the theoretical model for the apparent FRET efficiency for the case of a monomer-dimer equilibrium:
Next, we vary the Ẽ and K values, and we choose the model which minimizes the MSE as the best model to represent the data. The MSE is calculated according to:
We follow the same basic procedure for fitting of higher order oligomerization models, except that there is no proximity FRET correction: E app E E Dq oligo . As discussed above, this approximation is justified as the stochastic FRET contribution to the signal decreases significantly as a function of oligomer order. 36 The analytic solutions for the roots become more intractable when n Z 3, and there is no analytic solution for the roots of a polynomial greater than order five. Instead of writing down the solution for the fraction of oligomers as a function of total receptor concentration, we utilize a MATLAB root finding function to calculate the roots of the binding polynomial. We take the largest real root as the physical solution to the n'th order polynomial which yields [m i ] as a function of K A and [T i ].
The general procedure for n = 3 (trimers) is now described, and the same procedure is applied to tetrameric, pentameric, and hexameric model fitting. For the case of a monomer-trimer equilibrium, the theoretical apparent FRET efficiency is described by letting n = 3 in eqn (3.1). 
Now that we have a theoretical representation for the FRET efficiency, we focus on the fraction of trimers.
Here, [tri] is the concentration of trimeric receptors. Next, we express the fraction of trimers in terms of the equilibrium association constant and the total receptor concentration. For the two-state monomer-trimer equilibrium model, we write: 
Finally, we vary the E and K A values, and we calculate the mean squared error as:
Experimental methods

Fluorescent proteins
Soluble monomeric YFP and mTurquoise with an N-terminal 6Â His tag were expressed and purified to near-milimolar concentrations as described. 27 Fluorescent protein stocks were buffer exchanged into PBS buffer with a 20 kDa MWCO concentrator (Pierce #87751) and filtered with a 0.2 mm syringe filter. For each imaging session, the stocks were then diluted in buffer to micromolar concentrations to produce 100%, 75%, and 50% fluorescent protein solution standards. The mTurquoise and YFP solution standard concentrations were measured in a 1 cm path length quartz cuvette using NanoDrop 2000C (Thermo Scientific). Molar absorption coefficients of 83 400 mol cm À1 and 30 000 mol cm À1 were used to calculate the concentrations of the solution standards from the YFP and mTurquoise absorption maxima of 514 nm and 434 nm, respectively. Images of the 100%, 75%, 50% FP solution standards and a PBS buffer-only control were acquired at both excitation wavelengths and were used for the calculation of the pixel-level slope values, as described in the Theory section.
Plasmid constructs
A pBE plasmid encoding for the VEGFR2 signal sequence, extracellular domain, transmembrane domain, a 15 amino acid GGS linker, and yellow fluorescent protein (YFP) was received from Dr Kurt Ballmer-Hofer, Paul Scherrer Institute, and was the starting product for the mutagenesis required for this work. The A206K mutation was introduced into YFP using QuikChange to render it monomeric. The pcDNA 3.1 + VEGFR2-EC-TM-(GGS) 5 dish to achieve B60 percent confluency at the time of transfection, 24 hours later. Single transfections were performed with a total 3 mg of plasmid DNA and cotransfections were performed with a total 4-9 mg of plasmid DNA, using the Lipofectamine 3000 (Invitrogen) according to the manufacturer's protocol. A 1 : 3 donor to acceptor plasmid ratio was used in all cotransfection experiments. We found that the addition of 10 mM sodium butyrate greatly enhanced expression of the pcDNA 3.1 + VEGFR2 EC-TM-(GGS) 3 -FP construct in HEK293T cells. 37, 38 Thus, six hours after transfection, 10 mM sodium butyrate was added to the cells. Twelve hours after transfection, the cells were rinsed twice with phenol-red free, serum free DMEM (Sigma, D2902) to remove all traces of phenol red and the cells were serum starved for at least 12 hours in the presence of 10 mM sodium butyrate, prior to the application of osmotic stress and imaging.
Cells under reversible osmotic stress
Hypotonic swelling media was composed of serum-free media, diluted 1 : 9 with diH 2 O, buffered with 25 mM HEPES, and 0.2 mm sterile filtered. Just prior to imaging, the starvation media was aspirated from the Petri dishes and was gently replaced with 1 mL of 37 1C hypotonic swelling media. 39 The cells in each dish were allowed to stabilize for at least 10 minutes before imaging, and swollen cell images were acquired for up to two hours per dish post swelling.
mTurquoise two-photon absorption measurement
The mTurquoise two-photon absorption measurement was performed with the OptiMiS spectral imaging system (Aurora Spectral Technologies) and a Mai-Tai two-photon excitation source (Spectra-Physics) with the output power fixed at 150 mW. Soluble mTurquoise was imaged at excitation wavelengths ranging from 760 nm through 1020 nm, in 20 nm steps. Four spectral images of two separate samples were acquired for each excitation wavelength. A circular region was selected in all images at each excitation wavelength, and the emission spectra were integrated, averaged, and normalized to produce the two-photon absorption spectrum, with respect to mTurquoise emission.
Results
VEGFR2 EC + TM forms dimers in the absence of ligand
We use the FSI method to study the lateral interactions between VEGFR2 EC + TM constructs in which the intracellular domain has been substituted with either mTurquoise (mTurq) or YFP, a FRET pair of fluorescent proteins. 40, 41 The schematic of the constructs, with fluorescent proteins attached to VEGFR2 TM domains via (GGS) 5 flexible linkers, is shown in Fig. 3A . Fig. 3B shows the emission and two-photon excitation spectra of mTurq and YFP. The pixel-level emission spectra of VEGFR2 EC + TM-mTurq and VEGFR2 EC + TM-YFP, expressed in HEK 293T cells, are integrated to produce cell images in Fig. 3C .
Measurements of dimer and oligomer stabilities (free energies of oligomerization) in membranes require knowledge of the 2D concentration of the proteins in the membrane and thus, detailed knowledge of membrane topologies and membrane areas. 42 The topology of the plasma membrane of cells, however, is very complex because cells possess 2 to 3 times the membrane needed to sustain their shape 31, 32 (Fig. 3C , see also Fig. 2) . It has been shown, however, that the plasma membrane topology can be controlled in a completely reversible and non-lethal manner by subjecting cells to reversible osmotic stress. 39 As a result of the osmotic stress, cells disassemble their caveolae (60-80 nm cup-shaped invaginations) and ''un-wrinkle'' their membranes. 39 Fig . 3C and D compare the appearance of HEK293T cells, expressing VEGFR2 EC + TM, before and after the application of the reversible osmotic stress. The treatment results in a simple vesiclelike membrane topology, 43 such that the 2D area of the membrane at the focal plane can be calculated precisely. Here we use such live cells under reversible osmotic stress to characterize VEGFR2 EC + TM interactions, in conjunction with the FSI method. Full emission spectra for each pixel are acquired in two scans: a ''FRET scan'' at l 1 , in which the donor, mTurq, is primarily excited (Fig. 3E and 2 ) an ''Acceptor scan'' at l 2 in which the acceptor, YFP, is maximally excited (Fig. 3F ). The emission spectra are then unmixed to yield the donor and acceptor fluorescence contributions, for each pixel.
We use the integrated pixel-level donor and acceptor fluorescence contributions for both scans (Fig. 3E and F) , as well as a pixel-level fluorescence versus intensity calibration (Fig. 1A) , to measure the apparent FRET efficiency, as well as the donor and acceptor labeled receptor surface densities, in mm-sized membrane regions of plasma membrane with known topology (shown in ESI, † Fig. S4 and S5) . Results for the wild-type VEGFR2 EC + TM are shown in Fig. 4 in blue. Altogether, 1024 regions, B3 mm in length, of homogenous membrane fluorescence in 538 HEK293T cells, co-transfected with VEGFR2 EC + TMmTurq and VEGFR2 EC + TM-YFP, were chosen for analysis. The mole fraction of VEGFR2 EC + TM-YFP (the acceptor-tagged receptors), for each membrane region, is shown in Fig. 4A (blue bars). The average values agree closely with those expected for the 1 : 3 donor-to-acceptor ratio used in transfection. Fig. 4B shows the measured VEGFR2 EC + TM-YFP concentrations versus the measured VEGFR2 EC + TM-mTurq receptor concentrations (blue symbols), for each membrane region. There is a high variability in total receptor expression levels due to transient transfection of the HEK293T cells. In the FSI methodology, this variability is embraced and utilized to ultimately produce binding curves for the receptors. The measured apparent FRET efficiency versus total receptor concentration for wild-type VEGFR2 EC + TM is shown in Fig. 4C (blue symbols) . We see that the apparent FRET efficiency increases as a function of the total receptor concentration, suggesting a concentration dependent proteinprotein association in the membrane.
The wild-type VEGFR2 EC + TM data in Fig. 4 are used to determine the type of oligomer in the membrane (dimer, trimer, tetramer, etc.) that best describes the data. The kinetic theory of FRET 33 is used to compute the theoretical apparent FRET efficiency as a function of total concentration for different oligomeric models (e.g., monomer-only, monomer-dimer, monomertrimer, monomer-tetramer, etc.). These models, which include a contribution for stochastic FRET 35, 36 were fitted to the data.
Theoretical binding curves for a particular oligomeric association model depend on two unknown parameters: the monomeroligomer association constant K and the Intrinsic FRET, or the pairwise FRET efficiency. The Intrinsic FRET (the pairwise FRET efficiency) is a structural parameter which depends on the average separation between the fluorescent proteins in the oligomer, but not on the association constant, K. 42 The least squared error is calculated for each oligomeric model, along with the optimal K and Intrinsic FRET values. The model which gives the lowest mean squared error (MSE) is considered the best overall model to represent the data. For wild-type VEGFR2 EC + TM, the best-fit is achieved for the monomer-dimer equilibrium model, which yields the lowest overall MSE (Fig. 5A) . 
The D731A mutant forms oligomers in the absence of ligand
The crystal structure of the isolated D7 VEGFR2 EC domains (PDB entry 3KQV) shows a very prominent salt bridge between residues D731 and R726, joining two adjacent molecules in the dimer. 19 To study if this salt bridge plays a role in VEGFR2 EC + TM dimer stabilization in the absence of ligand, we introduced a D731A mutation in VEGFR2 EC + TM and measured the self-association of this mutant in the plasma membrane with the FSI method. 278 swollen cells expressing the D731A mutant were imaged, and 523 B 3 mm membrane regions in these cells were analyzed to yield FRET efficiencies, donor concentrations, and acceptor concentrations. The results are shown in Fig. 4 in green. While we expected that the D731A mutation would destabilize the VEGFR2 dimer and thus decrease the FRET efficiencies and dimerization propensity, we instead observed a very large increase in FRET over all receptor concentrations. Next we sought to determine the type of oligomeric interaction in the membrane that best describes the mutant data. The MSE for tetramers, pentamers and hexamers are all very similar, with no apparent minimum in the MSE as the oligomer order was increased (Fig. 5D) . Thus, no single oligomeric model greater than a dimer could be singled out as providing the best fit to the data (Fig. 5D ). This FRET signature is likely due to the formation of large aggregates, or due to heterogeneous populations of mutant VEGFR2 oligomers, undergoing non-specific associations. The MSEs for all these oligomers, however, were much smaller than the dimer MSE. Thus, the data analysis indicates that the D731A mutation induced higher-order oligomerization of VEGFR2 EC + TM in the plasma membrane. The minimum mean squared error (MSE) versus oligomer order for monomer-only, monomer-dimer, monomer-trimer, monomer-tetramer equilibria, monomer-pentamer, and monomer-hexamer equilibria for the wild-type. The MSE is the lowest for the dimer model. (B) The measured (blue squares) and best-fit theoretical apparent FRET efficiency (black squares) versus total receptor concentration for the dimer. (C) The dimeric fractions, calculated using eqn (3.3) are binned, and are shown together with the best-fit dimerization curve. (D) The MSE versus oligomer order for the D371A mutant. The lack of a minimum in the MSE vs. oligomer order plot suggests the formation of nonspecific large aggregates due to the D371A mutation. The primary limitation of the FSI method, as applied to membrane protein association, is that the proteins need to be expressed over a broad concentration range, such that dimer/ oligomer binding models can be fitted to the experimental data. High expression, however, is a requirement for many experimental techniques used in protein research, not just the FSI method.
The FSI method offers significant advantages over previous FRET spectral methods. 24, 28, 49, 50 First, by adding a second excitation wavelength, FSI expands the set of basic equations introduced earlier, thereby obtaining exact solutions to the donor and acceptor fluorescence in the absence of FRET. 24, 28, 51 Indeed, the FSI approximation-free calculations are possible only upon the acquisition of a FRET spectral image and an acceptor spectral image, at two different excitation wavelengths. The experimentalist has a great flexibility in the choice of fluorophores, as well as in the choice of l 1 and l 2 , the two excitation wavelengths. Second, by utilizing calibration curves of fluorescence versus known concentration of donor and acceptor solution standards, we determine true protein concentrations, in this case two-dimensional donor and acceptor surface densities in the plasma membrane. By utilizing the slope of the fluorescence obtained by imaging fluorescent protein solution standards at several known concentrations, we improve on methods that use a single calibration standard imaged at two wavelengths.
Cells under reversible osmotic stress as a model system
The native cell membrane folds into a very complex and irregular surface with many invaginations. 31, 32, 39 As a result of this complex topology, pixel-level fluorescence intensities can vary greatly in neighboring regions of the native cell membrane (Fig. 2B) . Thus, a single slice through the focal plane of the cell does not yield information about membrane orientation and topology, and does not allow us to convert the pixel-level fluorescence into to a receptor surface density. The hypotonically swollen cell, however, allows us to determine the two-dimensional protein concentration in the membrane, and to study membrane protein interactions in quantitative terms. The geometry of a swollen cell mimics that of a large, cell-derived vesicle, 43 in which we see large stretches of homogenous fluorescence that trace an arc of a sphere. This geometry allows us to assume a perpendicular orientation of the membrane with respect to the focal plane. This assumption is critical for the proper calculation of the receptor surface density in the membrane and without it, receptor concentrations cannot be determined. Yet, the application of the osmotic stress is non-lethal and entirely reversible, 39 and thus measurements of free energies of association are performed in live cells. The experiments in cells under reversible osmotic stress report on the intrinsic propensities of receptor association in the plasma membrane. Thus, in these experiments we extract the fundamental rules that guide the behavior of the receptors. Membrane curvature, lipid domains and other heterogeneities may modulate the local effective concentrations of the receptors. In all cases, however, the dimeric fraction of receptors can be predicted if the local concentrations are known, based on binding curves acquired with the FSI method.
The FSI methodology reveals new knowledge about VEGFR2 interactions in the membrane
Here we sought to investigate the specificity of the 2D interactions between VEGFR2 EC domains in cellular membranes by destabilizing an inter-molecular salt bridge observed in crystal structures of isolated D7 dimers. The mutagenesis of an aspartic acid involved in this interaction, D731, to alanine did not destabilize the VEGFR2 EC + TM dimers, as we expected. Instead, the mutation introduced a very large, surprising perturbation in the receptor interactions, leading to receptor oligomerization. It is curious that engineered VEGFR2 TM domain mutations can also alter the oligomerization state of the isolated TM domain, inducing trimer formation. 21 It can be argued, therefore, that mutations that are rationally designed by researchers to interrogate the function of VEGFR2, and RTKs in general, may have similar profound effects that complicate data interpretation. The large perturbation in interactions, observed here, suggests that the Asp-Arg salt bridge between the D7 domains is important for VEGFR2 dimerization in the absence of ligand, as it ensures that VEGFR2 forms a dimer and not a higher-order oligomer. The mutagenesis therefore reveals that sequence-specific D7-D7 contacts occur in the VEGFR2 EC domain in the absence of ligand. This is fundamentally novel discovery, as D7-D7 interaction are currently believed to occur only upon ligand binding. 20 Our understanding of VEGFR2 activation, therefore, is likely incomplete, and deserves further investigation. Here we report on a method that can help the broad scientific community study the association of any RTK, to differentiate between monomers, dimers, or oligomers, and to reveal novel aspects of RTK signaling that have remained well hidden from us, despite many years of fruitful RTK research.
Implications
Therapies that exert control over the activity of VEGFR2 are desperately needed in the clinic. A therapy that inhibits angiogenesis would be applicable to many human cancers, while a pro-angiogenic therapy would be beneficial in ischemia, such as in coronary artery disease, stroke, and chronic wounds. [52] [53] [54] Here, with the use of the new FSI method, we show that the current paradigm of VEGFR2 activation is incomplete. Thus, the lack of basic knowledge about VEGFR2 dimerization and activation at the molecular level is likely a very significant hurdle to the development of effective treatments that target VEGFR2 signaling. The FSI method, therefore, addresses a large gap in methodology and knowledge that may eventually lead to new therapies that improve human health.
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